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Department of Dermatology , Boston University School of Medicine , Boston, Massachusetts 
Components of desmosomes, fil aments, and keratohya line granules were studied by 
electron microscope and bioc hemical methods to clar ify their role in t he stabili zation and 
keratin ization of the ep idermis. Iso lated desmosomes are composed of 76% protein, 17% 
carbohydrate, and 10% I ip id. T he bu lk of prote in cons ists of a "spectrin" -like fibrous protei n, 
presumab ly present in the plaque, and of glycoprote ins in t he desmosomal interspace. T he 
main component of filaments, prekeratin , is a low-sul fur a-prote in composed of a pair of 
t hree-chain subunits wit h non-a-helical segments separated by 200 A- long a -helical regions. 
T he major component of iso lated keratohyaline granules, the amorphous partic ulate 
m ateri al, is formed by a high-sul fur prote in with a single-type of polypept ide chain . 
Polypeptide chains compara ble to those fo und in prekeratin and keratohya line granules were 
recovered from extracts of horny cells. 
Within the livin g part of the epidermis, filaments hypothetically for m a cytoskeletal sys-
tem which is anchored to desmosomes by a filamentous plaque protein. Glycoproteins are 
involved in the formation of strong junctions between the cells which enable the living part of 
t he epidermis to respond as a whole to mechanical stress. The stratum corneum is stabilized 
by a sim ilar system in a consolidated state which is less extensible. Horny cells are enveloped 
by a thickened membrane and the in terfilamentous spaces are filled with various proteins, 
includ ing the sulfur-rich amorphous prote in found in keratohyaline granules. 
P rotection of the organism from the environment 
largely depends on the .stru c.tura.l stabili ty ot t~e 
epidermis. In early studies, bu·efnngent tonoflbnls 
passing from cell to ce ll at the nodes of Bizzozero 
were thought to form the stab il izing system in the 
living part of t he epidermis. E lectron microscopy, 
however, has shown that t his system is more 
complex than had been postul ated. Tonofibrils do 
not pass t hrough t he plasma membra nes of adja-
cen t ce ll s at the nodes of Bizzozero; rather 60- to 
8o-A fila ments converge upon or terminate at 
desmosom al plaq ues . Close to the nodes of Biz-
zozero, the actual junction between the ce lls con-
sists of an electron-lucent substance bisected by a 
dense plate. T hus the stabil iz ing system in the 
living part of the ep iderm is is composed of desmo-
somes and bundles of 60- to 80-A filaments. 
T he structural stabili ty of the horny layer was 
orig inally attributed to keratin, depos ited as a 
condensed tonofibrillar network . F ibril s with a 
highly ordered structure were detected in horny 
cells by polarization microscopy, and x- ray diffrac -
t ion studies demonstrated an a-keratin d iffraction 
pattern. But aga in electron microscopy has broad-
ened our knowledge of t he structure of horny cells 
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by resolving a filament- amorphous matri x com-
plex appearing in an almost 1:1 ratio. According to 
the curren t view, these components together are 
responsible for the protective role of the horny 
layer . Wit h few exceptions [1 ], most investigators 
agree t hat 60- to 80-A fil aments are retained during 
the transformation of living epidermal cells and 
give rise to the a-keratin x-ray pattern in the horny 
layer. T here is considerable disagreement, how-
ever, about t he origin and nature of the amorphous 
horny matri x, some invest igators regarding it as 
deriving entirely from keratohyaline granules [2,3 ], 
others believ ing that keratohyalin either is not 
involved [4,5 ] or does not account fully for the 
material present in the horny matrix [6 ]. 
T he protective system of the epidermis could be 
better understood if t he molecular interactions 
responsible for cell -to-cell adhes ion and filamen t 
attachment at desmosomal sites were elucidated 
and if the molecular structure and chemical com-
position of fibrous and amorphous components of 
the epidermis 'were characteri zed . But before such 
studies could be launched , desrnosomes, fil aments, 
and keratohyaline granules in suffic ient quant it ies 
and of a purity suitable for biochemical analysis 
had to be isolated. During the past years, most of 
the work in this laboratory has been directed to-
ward this end . Ac idic buffers, pH 2.0 to 2.6, were 
found to rap idly disperse filaments an d release 
prekeratin macromolecules fro m the epidermis 
while at the same t ime leaving desmosomes and 
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keratohyaline granules in tact. Reagents in this pH 
range were accordingly considered the most favor-
able for selectively isolating desmosomes, prekera-
t in, and keratohya line granules. 
DESMOSOMES 
T he unusually th ick epidermis of the cow's nose 
is sui tab le for the study of desmosomes because 
approximately two-thirds of it consists of noncor-
nified cells joined by numerous desmosomes and 
a bundantly fill ed with fil aments . It can be sliced 
with t he Storz Keratotome into t.hree layers [7], 
each about 0.2 mm thick (Fig . 1). The upper layer 
consists of t he stratum corneum and granulosum; 
the mid layer includes the entire stratum spino-
sum, some parts of the stratum gran ulosum and 
stratum basale, and tips of derm al papillae; the 
lower layer contains most of t he stratum basale 
and dermal components. 
Because desmosomes a re most abundant in the 
sp inous layer, the midlaye r of t he cow's nose 
epidermis shown in Figure 1 was selected for study . 
The structura l deta ils of desmosomes are shown in 
Figures 2 and 3. In the desmosomal interspace, the 
plasma membranes of adjacent cell s are separated 
by an area a bout 350 A wide and the mid plate is 
approximately 50 A wide. The dense plaques on 
the inner leaflets of the plasma membranes are 
separated from 60- to 80-A filaments by a zone 
with moderate electron density. A somewhat 
denser band runs parallel with the electron-lucent 
zone where the 60- to 80-A filam ents terminate 
(Fig. 3). 
A high yield of desmosomes of a purity suita ble 
for biochemical analysis can be isolated from the 
midlayer of the cow's nose epidermis by t he use of a 
0.1 M citric ac id-sodium citrate (CASC) buffer, pH 
2.6, and subsequent discontinuous sucrose density 
gradient centrifugation as described by Skerrow 
.and Matoltsy (8] . The isolation procedure is sche-
matically illustrated in Table 1. Band III in the 
gradient consists largely of desmosomes and is 
located at the 55 to 60% sucrose interface . A survey 
of pellets in t he electron microscope shows that the 
FIG. 1. Microphotographs of the upper (U), middle 
(M), and lower (L) parts of the cow's nose epidermis 
obtained by a keratome set to cut 0.2-mm layers ( x 220 ). 
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FIG. 2. Port ions of sp inous cells of the cow's nose 
epidermis show ing desmosomal junctions ( x 36,000). 
FIG. 3. Desmosomes at high magnifi cation reveal t he 
midline and leafl ets of t he pl asma membrane . Note t he 
electron -lucent layer (ELL) next to t he pl aque and the 
dense band (DB) which runs across the fil amen t bundle 
( x 140,000). 
TABLE 1. Procedure for isolating desm osom es from 
the cow's nose epidermis 
Epidermal shee ts 
I 
Mincing, suspension and stirring in CASC pH 2.6 for 30 
min 
I 
Homogenization 
I 
Centrifugat ion 
I 
Sediment 
I 
Centrifugation on discontinuous gradients : 
60%, 55%, 50%, jnd 40% sucrose 
Band III (desmosome fraction) 
I 
Suspension in CASC 2.6 and centrifugation 3 x 
I 
Sediment = isolated desmosomes 
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final prepa rat ion contains mainly desmosomes, a 
few membra ne fragments, and ves icles . A repre-
sen tative fi eld is shown in Figure 4. 
D etailed e lect ron microscope studies of the prep-
a rat ions indicate that the desmosomal components 
a re well preserved and can be clea rly seen in cross 
sec t ions. A " fu zzy" layer extending fro m the dense 
pla ques is a lso presen.t ,,:hich cannot be observed in 
s it u (Figs . 5, 6). Wl thll1 t his layer, 40- to 50-A 
f ilaments can somet imes be distin guished, which 
indi cate a fin e fil amento us substructure in the 
d esm osom al pl aque. The dista l pa rt of t hi s fil a-
m en to us layer is more electron dense in some 
sections than in the a rea nea r the plaque (Fig. 51. 
T he 60- to 80-A fil aments , which appear to be 
attached to the pl aques in sit u, a re not present in 
t he preparations, probably because they have been 
solubili zed by CASC buffe r during the preparato ry 
procedure . . 
When the observatJOns made in sit u and in 
iso lated desmosomes are co rrelated, they suggest 
t ha t t he dense pl aques are composed mainly of 
condensed fibrou mate ri a l fray ing in to fin e fila-
men ts at the cytopl as mic surface. The fil amentous 
layer extending from the plaques pro bably occu-
pies t he moderate ly electron-dense area and ove r-
F IG. 4 . Re presen ta ti ve field of a des mosome prepara-
tion. Des moso mes a ppear s lll gly or connec ted by short 
lengths of pl asm a mem bra nes ( x 20,000). 
F IG. 5. Iso lated de mosomes a re shown sec tioned 
through t he fuzzy laye r a nd perpend icul a r to the plaque. 
The fu zzy laye r has a fin e filamentous substructure (FL ) 
and at t he periphery may a ppea r more dense tha n nea r 
t he p laque (PP) ( x 28,000). 
F IG. 6. Isola ted desmosomes, at high magnifi ca tion 
showi n g a broad midline (M) , t he oute r leafl et of t h ~ 
plasm a me m bra ne (OL) , a nd the dense plaque (P). T he 
inner leafl et usua lly appears fused to t he plaqu e. Note 
t he uneven cytoplasmi c surface of t he pl aque a nd its 
continuity wit h t he fu zzy laye r ( x 140,000). 
TABLE I!. A mino acid composit ion of desmosomal 
protein" 
Asparti c ac id 101.6 
Threonine 57.9 
Serin e 70.6 
Glu tamic ac id 136.4 
P roline 45.4 
G lyc in e 80. 3 
Alanin e 73.8 
Va line 63.9 
Cystine Y2 t race 
M ethionine 23.7 
Isoleucine 55.8 
Leucine 101.6 
T yros ine 21.3 
Pheny la lanin e 34.9 
Lys ine 56.4 
Hist idine 20 .6 
Arginine 55.9 
" Values of 24-hr hydrolyzate are given as residues per 
1000 residues. 
laps wi th the cytopl as mic fil amen t bundles where 
a dense band can be seen in sit u . Thus, it is 
reasonable to conclude that the observed fil amen-
tous layer fulfill s the fun ction of a "connecting 
com ponent, " like that seen by Kell y (9 ] in a 
comparable a rea of desmosomes in the newt epi -
dermis. 
Chemical analyses of desmosome preparations 
published by Skerrow and M atoltsy (10 ] indicate 
approxim ate ly 76% prote in , 17% carbohydrate, and 
10% lipid . The a mino ac id compos it ion of the 
prote in is given in T able II. Nonpola r amino ac ids 
represent 456 res idues per 1,000 res idues and 
half-cystine res idues ap pear in t races. T he ca rbo-
hydrate content is given as tota l neut ral hexose 
and the sia li c ac id content is very small , corre-
sponding to 5 .1 nmoles per mg of desmosomal 
prote in . Lipids consist approx im ate ly of 40% cho-
lesterol and 60% phospholipid . Neutra l fats, t ri -
glyce ri des, and free fatty acids ap pear only in 
traces. 
After it was found that t he desmosome prepara-
t ion is compl ete ly so lu bili zed by in cubation at 
100°C in 0.01 M odium phosphate buffe r, pH 7.0, 
conta ining 1 mM ethylenediamine tetraacetic acid, 
1 to 2% sodium dodecyl sulfate (SDS), and 1% 
2-mercaptoethanol, more deta il ed inform ation was 
obta ined on the prote in moiety of desmosomes. 
SDS- polyacrylamide ge l electrophoresis of the de-
natured prote ins shows 24 bands (Fig. 7) with 
mobilities corresponding to a molecul ar we ight 
range of 15,000 to 230,000 da ltons. Seven of these 
a re considered major bands and constitute 81 % of 
the tota l desmosomal prote in (Tabl e III ). 
The origin of t he major bands is not known since 
iso lated desmosomes have not yet been dissociated 
in to their stru ct.ura l components and t hus t he 
constituent prote ins cannot be ana lyzed . At pres-
ent, onl y prote in cha ins of iso lated desmosomes 
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FIG. 7. The electrophoretic pattern of three different 
preparations of isolated desmosomes. Arrows point to 
PAS-positive bands. 
TABLE III . Size and abundance of the major polypeptide 
chains of desmosomes 
Band Molecu la r weight % of stain 
1" 230,000 17.7 
2"' b 210,000 20.4 
3" 140,000 8 .9 
4(.'. d 120,000 13.9 
5 90,000 13.2 
6 75,000 4.6 
7 60,000 2.2 
80 .9 
" Obtained by a short extrapolation of the calibration 
curve. 
"Band 2 is a doublet, with a minor, fast component of' 
molecul ar weight 205,000 daltons. The value for % of 
sta in includes both components. 
"Bands 3 and 4 are PAS positive, and apparent 
molecu lar weights are given. 
cI Band 4 is a mixture of at least four unresolved protein 
chains. The molecul ar weight given refers to the midpoint 
of t he bane!. 
can be com pared with those reported in studies of 
plasma membranes from other t issues. The mate-
rials in bands 1 and 2 have molecular weights of 
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230,000 and 210,000 daltons, respectively, and 
together constitute a relatively large part (35% of 
the total weight) of the desmosome protein. Such 
high-molecular-weight chains are also present in 
the erythrocyte ghosts and are attributed to "spec-
trin," which represents 25% of t he ghost protein 
[11,12]. Spectrin is an "extrinsic" protein iocated 
on the cytoplasmic side of the membrane in the 
form of a network composed of 40- to 50-A fila-
ments. Its function is thought to support and 
strengthen the membrane. If the material in bands 
1 and 2 is derived from similar locations, it would 
form a major part of the desmosomal plaque. This 
possibility is supported by the structural studies in 
which 40- to 50-A fil aments , similar to those 
formed by spectrin, are also observed in the 
plaque. Thus a high-molecular-weight protein, 
present in the plaque, may contribute to the 
stability of the desmosomal junction by strength-
ening the inner leaflet of the plasma membra ne 
and forming connections with adjacent filament 
bundles. 
The material in bands 3 and 4 is PAS positive. It 
has an apparent molecular weight of 130,000 dal-
tons and constitutes a relatively large proportion 
(23% of the weight) of the desmosomal protein. 
Electron microscope histochemistry has shown 
that glycopl'oteins are present in the desmosomal 
interspace [13 ). Therefore, it is reasonable to 
conclude that the PAS-positive mater ial is derived 
from the desmosomal in terspace and is involved in 
ce ll -to-ce ll adhesio n. 
The identities and possib le origin of the mate-
rials in bands 5 to 7 cannot be determ ined, but it is 
noteworthy that chains with corresponding molec-
utaI' weights also appear in most plas ma-mem_ 
brane preparations. 
FILAMENTS 
. The cow's nose epidermis has been preferentially 
used in classical studies of epidermal ex- keratin 
because it gives r ise to a well -defined a-ty pe x-ray 
diffraction patte rn [14,15 ). E lectron microscopy 
indicates t hat this ep idermis is fav orable for bio-
chemical stud ies of t he 60- to 80-A cytoplasmic 
filam ents since their density per cell is much 
higher (F ig. 8) than in other t issues, such as the 
ep idermis of mouse, rat , and guinea pig. Examina-
tion of ep idermal fragments treated with neutral 
sa lt so lutions or buffers in the ran ge of pH 4 to 8 
shows that t he fi laments resist the action of these 
reagents ; they are, however, partially or com-
pletely solubili zed by buffers in the pH range of 1.9 
to 3.0 and 11 to 13. Urea solu tions in 6 or 8 M 
concentrat ion a lso solubili ze filam ents. A reagent 
that solubili zes living epidermal cells and leaves 
the filam ents intact has not yet been found. 
The main com ponent of 60- to 80-A fil aments, 
fi brous a- protein , was first extracted by Rudall 
[15 ) from the living cel t layers of the cow's nose 
epiderm is. He used 6 M urea and named the 
a- prote in "epid ermin ." However, epiderm in, 
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FIG. 8. E lectron microgra ph of filament bunctles in spinous cells of the cow's nose epiderm is (x 70,000). 
FIG . 9. Electron micrograph of reaggregated prekeratin ( x 70,000). 
which had an average molecular weight of about 
60,000 daltons, is not suitable for studying t he 
organization of the macromolecul ar structure of 
60- to 80-A filaments because it is obta ined under 
denaturing condi t ions and is heterogeneous in 
solution. 
Several years ago I [16] began exploratory stud -
ies to extract the a-protein from the cow's nose 
epidermis in the native state. Using O.5-mm sli ces 
of the epiderm is, I fo und that extraction of the 
living cell layers with CASC buffe r, pH 2.6. is more 
advantageous than with 6 M urea since the major 
component of 60- to 80-A filam ents is released as a 
mul t ichain macromolecu le. The CASC extract 
contained several contaminant proteins which 
could be successfully separated from fib rous a-
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protein by seria l precipitations. The purified ex-
protein , called "prekeratin, " was homogeneous by 
conventional criteria. 
Physical- chem ical studies indicate t hat purified 
prekeratin re ta ins the ex-heli cal nature and fiber-
formin g abi li ty of native protein. Fibers and mem-
branes prepa red from concentrated so lutions give 
rise to a typical ex- keratin pattern with a meridio-
nal arc at 5.1 A and an equatoria l arc at 9.7 A. 
Optica l rotatory dispersion measurement shows an 
ex- helix content of about 40%. Electron microscope 
studies of dilute solutions of prekeratin dried on 
carbon-coated grids show that the macromolecules 
aggrega te into fibrous structures with individual 
filaments comparable to those seen in situ (Fig. 9). 
The molecular weight of prekeratin , recently rede-
termined by Skerrow who used t he Archibald 
method [1 7], is 375,000 daltons. (The " m id point" 
sedimentation equ ilibrium method origina lly used 
[16] indicated a molecular weight of 640,000 dal-
tons. Th is method proved in adeq uate because the 
fluorocarbon oi l used to form the lower meniscus 
with the protein solution resu lted in the precipita-
tion of prekeratin. The Archibald method does not 
requ ire the use of oi l.) Amino acid ana lyses of 
purified prekerat in conducted independently in 
three different laboratories are shown in Tab le rv. 
. Low va lues for ha lf-cystine and proline are consist-
en t with the view that pre keratin is a member of 
the class of a-proteins [16,18,] 9]. 
As its extremely limi ted solu bi li ty indicates (it is 
inso luble between pHs 3 and 10), the prekeratin 
mac romolecule is firml y stabi li zed. Thus cOlwen-
Vol. 65, NO .1 
tiona l methods of studying the organization of its 
structure are excl uded. Stud ies of polypeptide 
chains became possible when a specific proced ure 
was found to disperse the chains in a solution of 
neutral pH. Skerrow (17) found that the mac. 
romolecules can be dissociated in to polypeptide 
cha ins by add ing solid SDS to a solu t ion of 
prekeratin in CASC buffer, pH 2.6, to give a fin al 
concentration of 1 % ~nd by immediately raising 
the pH to 7.0. Th is IS an Important obse rvation 
since it provides convincing ev idence that the 
polypeptide cha ins in prekeratin are not cross. 
linked by -S-S-bonds. Thus a reducing agent i 
not required to split -S-S-bonds; SDS a lone 
disperses the macromolecu le in to polypeptide 
chains. The componen ts of prekeratin could thel1 
be studied by the convent iona l methods of 
SDS- polyacrylamide ge l electrophoresis. A narro\\> 
and ~.wide band appe.ars in such gel ~Fig. 10), wi th 
moblittles correspond ll1 g to chall1 weights of 72,000 
and 60,000, respective ly. The molar ratio of the 
chains determ ined by dens itometry is 1:2, al\ 
indication that one cha in weighs 72,000 daltons 
and two chains weigh 60,000 daltons. Skerrow [17 J 
conc ludes t hat these three cha ins together form q 
subunit with a molecular weight of 192,000 daltons 
and that two of these subunits acco un t for the 
weight (375,000 da ltons) of the prekeratin molecule 
determi~ed by the Archiba ld method. Thus the 
prekeratm molecule can be consIdered to consist of 
6 polypeptide chains . 
. ~aden, Goldsmith, and Fleming [20] used a 
dIfferent app roach to stud y the po lypeptide com. 
TABLE IV . Amino acid composition" 
Purified prekeratin from 
cow's nose epidermis Amorphous 
-- a- Helical 
Iso lated component Non -a-heli ca l 
Aminoacids Baden 
Prekeratin keratohyaline of isolated fraction fraction Mat.oltsy Skcrrow 
et 01 granu les keratohyaline 
116 J Jl8 J [19J granules 
Cystine V2 11 9 6 8.8 7.9 3.9 92.4 103.5 
Aspa rti c acid 88 89 91 89.5 119.1 66.0 41.7 51.1 
Threonine 39 35 40 35.3 50.4 38.3 46.2 40 .9 
Serine 112 94 III 93.6 83.2 171.9 114.5 90.1 
Glutamic acid 142 144 141 143.5 164.4 102.2 96.0 103.1 
Proline 16 15 14 14.9 8.7 18.5 128.9 132.6 
Glycin e 165 157 164 157 .0 84.3 183.7 98.8 129.9 
Alanine 66 68 67 67 .6 75.6 59. 1 32.1 38.2 
Valine 51 51 40 51.4 45.3 55.5 43.1 43 .6 
Methionine 2 20 13 20.4 10.\ 4.4 -
-
Isoleucine 41 41 35 41.0 48.2 31.2 20.3 25 .5 
Leucine 89 88 92 87 .9 117 .9 60.8 99.7 92.2 
Tyrosin e 22 28 28 27.7 34.8 22.5 57.1 12.9 
Phenylalanine 38 38 36 37 .5 25.7 40.4 39.3 35.0 
Lys ine 51 52 52 52. 1 56.8 54.4 15.3 26.3 
Histidine 9 9 10 8.8 9.3 9.7 9.9 12.6 
Arginine 59 59 61 58.6 58.3 78.4 64.3 62.5 
" Residues per 1000 res idues . 
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PK HF 
10 
F IG. 10. On t he left , the elect rophoret ic pa ttern of 
bov in e prekera tin (PK) is shown (courtesy of Dr. Sker-
row). On the right, the electrophoretic pa t tern of a-
helical fra ct ion (HFJ is illustra t ed . 
ponen ts of prekerat in . Prekerat in , freeze- dried , in 
1% ace ti c acid , was used . After S-carboxymethy la-
tion, it was run a t pH 8.9 on SDS gels. Three bands 
with molecular weights of 47,000, 58, 000, and 98, 000 
daltons a nd materi al on top of the gel were found . 
The m odifi ca tions of t he procedures for preparin g 
prekeratin and det.ermining chain weights may be 
respon sible for t he different molecula r weights 
obta ined by this a pproach. 
Limi ted trypt ic digest ion has been successfull y 
used in stru ctura l studies of va rious fibrous pro-
te ins h av ing regions which differ in t heir suscep-
tibilities to cleavage by trypsin . S in ce prekeratin is 
insolubl e within t he pH range at which t rypsin is 
active, it cannot be cleaved by t he convent iona l 
procedure. Therefore, t.h e followin g spec ific proce-
dure was established . Freshly prepared prekeratin 
in CASC buffer, pH 2.6, was added drop by drop to 
borate buffer, pH 8.8, conta ining t rypsin , and pH 
8.8 was ma inta ined by autot itrat ion. At first, a 
fi nely dis persed prec ipi ta te a ppea red which rap -
idly di sso lved at a fin a l t rypsin to prekeratin rat io 
of 1: 125. U pon ac id ifica t ion of t he digest to pH 4.5, 
the p rec ipi tate obtained conta in ed all of the a-
helix of prekeratin , i.e., t he prec ipitate consisted of 
a- helica l segments of t he macromolecule. T hese 
segments were characterized by Skerrow, Matol-
tsy, and Matoltsy (21) as having a molecular weight 
of 46,000 daltons, a length of 200 A, and a -heli x 
content of 83%. Three different NH. terminal acids 
were found , and after di ssoc iation in SDS or urea 
three cha ins were detected by gel electrophoresis 
wi th molecular weights of 17,000, 15,000, and 
15,000 da ltons, respectively (Fig. 10) . Amino ac id 
analyses show that the a -helical regions of prekera-
t in are enri ched in " helix fa voring" a mino ac ids 
(T able IV). T he material remaining in the super-
natant solut ion is enriched in " helix inhibit ing" 
residues (Table IV) ; t hus it is derived fro m non-a-
heli ca l segments of the prekeratin macromolecule. 
A proposed model of t he molecular archi tecture 
of prekeratin based on t he above studies is sche-
matica lly illustrated in Table V. Prekeratin ap-
pears to be a dim eric molecule consisting of a pa ir 
of three-cha in subuni ts. Each cha in has two 200-
A.-long a- heli cal regions separated by non-a-heli ca l 
segments of unknown length . The actual s ize of 
this building block of filaments is not known. 
KERATOHYALI NE GRANULES 
We have extensively studied keratohyaline gran-
ul es in t his la boratory during t he past years to 
characteri ze their com ponents. After examin ing 
the skin of severa l spec ies, we concluded that t he 
newborn rat epidermis is t he most sui tab le expe ri -
mental t issue beca use in the newborn rat, kerato-
hya lin is formed in unusually large amou nts 
t hroughout t he entire t runk epidermis. T his is 
revealed by mul ti ple layers of granular cells and 
numerous small and large granules (Fig. 11). Skin 
append ages , such as ha ir and sebaceous glands, are 
TABl.E V. Proposed model of th e molecular architecture of 
prekeratin 
-- - ,-- - - --
Schemat ic illustra· Calculated tion of structural Chain Molec ular a-- Helix 
", ·helix 
components of weight" weight" content 
we ight prekeratin 
a-Helical region 
aaaaa 17,000 
aaaaa 15,200 46,400 83% 39,000 
aaaaa 15,000 
Three-stra nded 
s u buni t 
aaaaa- -- - -aaaaa 72,000 
aa(.)'acr-----Q'ct'aac\' 60,000 192,000 40% 77,000 
aaaaa-- - --aaaaO' 60,000 
Prekera tin 
aaO'O'a-----O'aO'aO' 
aaCYCiCi - - - - - Q'ctCU'H~ 
aaO'(;rCt'-- - --aacxCt'G' 
375,000 40% 150,000 
aaaaa-----aaaaa 
aaaO'a-- - --aO'O'O'O' 
ll'aaaQ'-----Q'O'a(l'a 
._-
a Weights a re given in da ltons. 
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FIG. 11. Microphotogra ph of the newborn rat epider-
mis. Note mu ltiple layers of granul ar ce lls (G) fil led with 
keratohyaline gra nules. Basal (B) and spinous (S) cell s 
form s ingle ·layers; t he horny ce lls (H) appear in mult iple 
layers ( x 650) . 
not yet developed and sweat glands are absent. 
Thus epidermis from the entire trunk area can be 
used for biochemica l studies as a " clean, " kerato-
hya lin -rich sheet . T he skin of2- and 4-day-old rats, 
however, is not sui table because at t his age the ha ir 
follicles become fu lly developed and conta in short 
. ha ir fibers. Isolated epiderm is sheets from these 
ra ts are contaminated with large quant iti es of ha ir 
fo ll icles, and epidermal homogenaLes also conta in 
fragm ented ha irs . 
E lectron microscopy shows that keratohyaline 
gran ules vary in size from about 100 A to several 
micra in the newborn rat ep idermis. Most appear 
singly and their surfaces are in direct contact with 
t he cytoplas mic matrix. Fi laments often abut t heir 
surfaces; only a few granules are found with 
fi laments incorporated into their centra l part. 
Ribosomes us uall y surround them in large num -
bers (Fig. 12) . At low magnifi cation, the granules 
appear amorphous; at high magnificat ion, a 
dense ly packed granular substructure can be seen. 
High-resolution electron microscopy conducted by 
Lavker and Matoltsy [22) shows that the major 
component consists of irregul ar amorphous parti -
cles with dimensions ranging from 13 to 35 A and 
averaging 20 A.. (F ig. 13) . 
Several prelim in ary studies were done to estab-
lish a s ui table method for isolati ng the amorphous 
component of keratohyaline granules . There is s ti ll 
no spec ific his tochemical test or histologic stain for 
keratohyalin e granules. L ac king an adequ ate 
marker, we concentrated on estab lishing an isola-
tion method comparable to that used for desmo-
somes. Our aim has been to separate t he granu les 
from the surrounding cytoplasmic matri x and Lo 
remove them from the epidermis in a state compa-
ra ble to t hat in situ and subsequently to disperse 
the isola ted gran ul es in vitro and recover t heir 
amorphous component. This approach (F ig. 14) 
seemed feasible because it ascerta ined that the 
isolated material is derived from keratohyaline 
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gran ules rather t han from some other amorphous 
component of t he epiderm is. 
Several reagents were tested to find one that 
would rapidly disperse granula r cells and solubili ze 
t he cytop lasm surrounding t he keratohya line gran-
ules. The effectiveness of the reagents was evalu-
ated in fresh skin ~'ragmen ts by light microscopy, 
a nd the structural Integfl ty of kerato hyaline gran -
ul es was exa mined by electron microscopy . Citric 
acid in 2% concentrat ion proved to be t he most 
suitab le reagent. It disrupted granular cells rapidly 
and easily solubili zed the cytoplas mic components 
which surround the keratohyaline granules. Re -
leased keratohyaline granules could be seen in the 
light microscope streaming out of fresh skin frag_ 
ments in large numbers and f10atin g in t he me-
FIG. 12. E lectron micrograph of newborn rat kera to-
hyalin e granu les. Fila ments ab ut t he surface and ri bo. 
so mes surround the gra nules ( x 48,100). 
. F IG; .. 13 .. Port ion of a keratohya line gran ul e at high 
magnification revea ls the tYPical a ppea rance of amor. 
phous pa rticles ( x 370,000) . 
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FIG. 14. Different approaches to the study of the 
chemical composition of keratohyalin e granules a re sche· 
mat ica lly illustrated. 
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dium a round t he t issue. T he released gra nules had 
sticky surfaces, aggregated in to granular masses, 
and attac hed to cell deb ris . Clumping could not be 
preven ted , only reduced, by t he addi t ion of Brij 35 
in small a m ounts. These observations formed t he 
basis of t he isolation procedure of Mato ltsy and 
Matoltsy [23 ) whereby kerato hyaline gra nules can 
be obta ined in relative ly large q uan t ity and purity 
from iso lated sheets of newborn rat epidermis. T he 
iso lation method is outlined in Table VI. 
A representative fi eld of the keratohyaline gran -
ule preparation is s hown in Figure 15 where some of 
t he isolated gra nules appear s ingly, others in small 
clumps in t hin sections of t he pellet. Ribosomes 
and filaments are not attac hed or blended in to t he 
periph era l parts; t hey are presumab ly solubil ized 
during t he isolat ion procedure. Some cell debris 
adheres to t he frayed surfaces of t he granu les and 
sometimes appears as a th in de nse laye r around 
some of t he gran ules. At high magn ification, t he 
isolated gran ules (F ig. 16) reveal a fin e granular 
s ubstructure comparab le to t hat in gran ules in 
situ. The a mino acid composition of a 48-hr 
hydrolysate of isolated granule preparation is 
shown in Table IV where the highest value is 
represented by proline resid ues. H a lf-cystine is 
presen t in a relatively large amoun t , 133 residues 
per 1000 residues . Histidine has t he lowest value, 
i.e., 13 res idues per 1000 res idues. Thus t he rat io of 
half-cystine to histid ine is 10: 1. 
Isolated keratohyaline gran ul es do not pass in to 
solution after dispers ion in buffers of pH 2.6 to 9.8, 
1 M potassium phosphate buffer, pH 7.0, 6 M urea 
solution, and in buffer of pH 9.4 con tain ing 1% 
SDS. About 90% of the preparation, however, can 
be so lubili zed, in alkaline buffer contai ning reduc-
ing agen t, such as dit hiothreitol (DTI) which 
TABLE VI. Procedure (or isolating keratohyaline granules 
(rom the new born rat epidermis 
Separation of epidermis from dermis by the use of 0.5% 
trypsin 
I 
Epidermal fragments homogeni zed in 2% citr ic ac id 
contain in g 0.3% Brij 35 
I 
Homogenate dilu ted 10 times with the same reagent and 
st irred fr 10 min 
Filtrat ion through double filter paper S S No. 588 
I 
Filtrate centrifuged and sediment washed repeatedly in 
veronal acetate buffer, pH 7.2, containing 0.45% sucrose 
and 0.3% Brij 35 
I 
Sediment : isolated keratohya line granul es 
F IG. 15. Representative fi eld of an isolated keratohya-
line granule preparation (x 18,000). 
FIG. 16. T he gra nular subst.ructu re of isolated kerato-
hyaline granules is shown at high magnification (x 
44 .000). 
TAIlLE VII. Solubilization o( isolated keratohyalin 
granules 
Pretreatment: 
Preparation is st irred in borate buffer, pH 9.4. for 1 hr 
under ni trogen and at 45 °C 
I 
0.04 M Dithiothreitol (D'IT) is added t.o the turbid 
suspension and the pH adjusted to 9.4 
I Stirrin g fo r 3 hr under ni troge n at 45°C 
I 
Clear solution is centrifu ged at 20. 000 rpm 
I 
Supernatant is adj usted to pH 4.5 
I 
Precipitate is coll ected by centr ifugation 
splits -S-S-bonds. T he d issolved materi al can 
be recovered by precipi tat ion at pH 4.5. T he 
solubilization procedure of isolated keratohya line 
granul es established by Matoltsy and Matoltsy 
[24 J is out lined in Table VII, and an electron 
micrograph of pH 4 .. 5 precipitate is shown in Figure 
17. During precipitation , the solubili zed material 
reaggregates into amorphous particles wh ich range 
from 50 to 250 A, i.e. , they are somewha t larger 
t han those in iso lated granules or in gra nul es in 
situ . The chem ica l propert ies of t hese reaggregated 
part icles are comparab le to t hose contained by 
iso lated keratohya line granu les. They are insoluble 
in the same reagents but readily dissolve in buffers 
of pH 9.6 con ta ining D'IT. Chem ica l analyses 
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FIG. 17. Th in section of a pellet of the pH 4.5 
precipitate obta ined from solubilized keratohyaline gran -
ules. Note granular substructure (x 110,000). 
indicate that 99% of the solubili zed materia l is 
protein ; the rest is lipid and carbohydrate. RNA is 
not detectable. SDS- polyacrylamide ge l electro-
phores is (25] on 10% gels with half, normal, and 
double cross-links has provided further informa-
tion on the protein component. These studies were 
condu cted as follows. The pH 4.5 precipitate was 
disso lved in T ris buffer, pH 9.6, containing 0.04 M 
'DTT and 1% SDS. Later samples were incubated 
for 2 hr at 37°C and electrophores is was performed 
in phosphate buffer, pH 7.0, containing 0.1 % SDS. 
T he gels (Fig. 18) have a single major band and a 
minor band, in the ratio of 9: 1 determined by 
densitometry. The molecula r weight of the mate-
rial in the major band was determined on double 
cross-linked gel by the use of molecular weight 
markers (ovalbumin, pepsin, trypsin , and hemo-
globin ), an d foun d to be 19,500 daltons. The am ino 
acid composition of the ma teria l used for these 
studies (Table IV) has the high proline and half-
cystine and low histidine content that is s imil ar to 
that found in preparations of isolated granul es. 
T hus the above structural and chemical studies 
indicate that t he major amorp hous component of 
keratohya line granules consists of a single, high-
sulfur protein. 
The presence of cystine in keratohyaline gran-
ules in situ was demonstrated by electron micro-
scope autorad iography. Matoltsy, Lavker, and Ma-
tolts), [261 found t hat silver gra ins appear over 
many keratohya line granules 6 and 24 hr after the 
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injection of [3H]cystine into the newborn rat ski 
(Fig. 19) . Recently sulfur-containing protein wall 
also ~emonstrated by e lect~on micro~cope, histo~ 
chem Ical test, and x-ray microanalysIs in kerato 
hya li ne gra nules of similar keratinizing epithelia' 
such as the rat tongue, palatine, and esophageal 
epithelium [27,28]. Sulfhydryl or -S-S-grouP 
in keratohyaline granules of the newborn rat ar 
not demonstrabl e in s itu by the DDD reagente 
However, a weak reaction for -SH groups and . 
strong reaction for -S-S-honds are obtained i~ 
iso lated granules (26 ]. The negative DDD reactio 
given by keratohyaline granules in situ, therefor~\ 
cannot be attributed to the absence of cystine-con ' 
taining protein as Barrnett and Sognn aes had 
proposed [4] but rather to the lack of accessibilit~ 
of -SH groups by the reagent. The sulfur-rich 
amorphous particles m ay be coated by a prote in ill. 
situ which blocks diffusion of reagents and m ay b 
removed from the granules during the iSO latiol~ 
procedure . 
Several studies have been published during th 
past year in which another approach (Fig . 14) tC 
characterize the chem ica l nature of kera tohYali 0 
was used, significantly different from the on t} 
described above [29- 32 ). For the study of ra~ 
H N D 
-
18 
FIG. 18. E lectrophoretic pattern of pH 4.5 precipital/ 
obtained from solubili zed keratohya lin e granules . H; 
ha lf; N , norm al; D, double cross- linked ge l. Note thaI 
each gel contains a major and a minor band . 
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FIG. 19. Si lver gra ins a re shown over keratohyaline granul es as t hey appear 6 hr afte r injection of ['H lcys('ine in to 
newborn rat skin. 
keratohyalin Sibrack, Gray , and Bernstein [30] 
used the method designed by Ugel (31) for the 
study of bovine hoof keratohyalin. These investiga-
tors used 1 M potassium phosphate buffer of pH 7.0 
to extract the epidermis. After the epidermal 
extract had been dialyzed against distilled water, 
the sedimenting material formed " macroaggre-
gates" resembling in situ keratohyaline granules. 
SDS- polyacrylamide gel electrophoresis revealed 2 
major components with molecul ar weights of 
48,000 and 79,000 daltons and 13 minor bands and 
also some heavy material remaining on top of the 
gel. Amino acid ana lyses showed histidine residues 
in a relatively la rge proportion (66/ 1000) and no 
cystine residues. Thus the protein obtained by this 
approach is significant ly different from t he amor-
phous protein component of isolated rat keratohya-
line granules . 
To determine the origin of the histidine- ri ch 
protein , we used two different methods . One corre-
sponded to Ugel and Idler 's method [5 ) of metha-
nol fixation fo llowed by paraffin embedding of skin 
fragments and extraction of sections wi th test 
reagents at 37°C for 15 and 60 min . The second was 
identical with the procedure used by Fukuyama, 
Buxman, and Epstein [33 ). These investigators 
found that rat keratohyaline granules do not fix 
well in glu ta ra ldehyde and can be extracted with 
0.1 M NaOH after fix at ion . Therefore, we placed 
fresh skin fragments for 1 hr in 4% glutaraldehyde 
buffered to pH 7 and subsequen t ly kept them 
suspended in test reagents for 17 hr at room 
temperature. Then the t issues were fixed in 1 % 
osmium tetroxide buffered to pH 7.2 and processed 
for electron microscopy. 
In addi t ion to 1 M potassium phosphate buffer, 
pH 7.0, 0.8 M potassium chlorid e, 1 M ca lcium 
chloride, 8l1d 0.5 M ammonium sulfate were a lso 
tested for their effectiveness in so lubili zing rat 
keratohya lin e granules in situ . According to Uge l 
and Id ler [5), t hese reagents completely solubilize 
bovine keratohyalin. 
Sections sta ined wi th hematoxy l in are shown in 
Figure 20. In contro ls as well as in treated sections, 
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these granules stain well with hematoxylin and do 
not differ significantly. Thus loss of material from 
keratohyaline granules is not recognizab le with the 
light m icroscope. In skin treated with 1 M potas-
sium phosphate buffer, pH 7, rat keratohya line 
gran ules appear swollen under the electron micro-
scope. A granular substructure is well resolved at 
low magnification in these granules (Fig. 21). 
These observations suggest that these reagents 
solubilize and remove some material from the 
FIG. 20. Microphotographs show sect ions of the new-
born rat ep idermis extracted with various reagents ac-
cording to the method of Uge l and Idler /5 ). Note that 
keratohyalin e granules stain eq ually well with hemotox-
ylin in each section. 
FIG. 21. Electron micrograph shows portion of a granu -
lar cell of the newborn rat epidermis. The epidermis was 
extracted with 1 M potassium phosphate bufTer, pH 7, for 
17 hr according to the method of Fukuyama, Buxman, 
and Epstein [33 1. Note that keratohyaline granules are 
swollen and revea l a gran ul ar substru cture. The nucleus 
(N) is recognizab le; most cytoplasm ic components are 
degraded ( x 12,000) . 
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interstitial spaces between amorphous particles of 
keratohyaline granules. T hus a histidine-rich pro-
tein may be derived either from interstitial com-
partments of rat keratohyaline granules or from 
some other component of the epidermis rather than 
from the major sulfur-rich amorphous component 
of keratohyaline granules. To clarify the origin of 
the histidine-rich protein, it would be helpful to 
iso late and determine the chem ica l compos ition of 
the in terst itia l material. 
Tezuka and Freedberg's approach [32) has been 
simi lar to that of Sibrack et al. They, however 
"solu bi lized " newborn rat keratohyaline granule~ 
in situ with Tris- Hel buffer, pH 8.8, contain ing 
2-mercaptoethanol a nd sodium deoxycholate 
rather than with 1 M potassium phosphate buffer 
pH 7.0. They obtained a complex mixture of 
proteins containing histidine residues in moderate 
numbers (33/1000) and cysteine residues in a 
relatively small amount (16/1000). Since these 
investigators used reducing agent to extract iso-
lated epiderm is, the ana lyzed material was proba-
bly derived, at least in part, from the major 
amorphous component of keratohyaline granules. 
THE FATE OF FILAMENTS AND KERATOHYALINE 
GRANULES 
Epidermal cells pass through two distinct phases 
while becoming horny cells. During the first or 
synthetic phase, the cells grow and become filled 
with specific products including filaments, kerato-
hyalin, and membrane-coating granules. The 
second or transformation phase begins with the 
degradation of cell organelles and ends when the 
cell content consolidates into a filament- amor-
phous matrix complex and becomes enveloped by a 
thickened membrane. In the mammalian epider-
m is, transform ing cells (T cell s) are few and 
usually appear as single cells between t he stratum 
granulosum and corneum . Because this area of the 
ep idermis is often poorly preserved, t he T cells are 
not suitable for detailed studies of sequential 
events. The T cells observed so far have been 
described as flattened cells enveloped by a th ick-
ened membrane. Filaments appear scattered and 
relatively large, and dense masses of keratohyalin 
can be seen in various parts of the ce ll [2). 
The detailed information obtained so far was on 
the sequential events which lead to the formation 
of horny cells in keratin izing ep ithelia other than 
the ep idermis. Lavker and Matoltsy [34 ) found 
that T ce lls are abunda nt and form several layers 
in the keratinizing ruminal epithelium of sheep. 
They observed that transformation is ini t iated by 
the release of hydrolytic enzymes ev idenced by the 
appearance of Iysosomes. As a result, the nucleus, 
ribosomes, mitochondria, and Golgi apparatus are 
degraded and the permeability of the th ickened 
plasma membrane undergoes marked changes. 
The lysed material passes through the membrane 
and accumulates in the in tercellul ar space as an 
amorphous substance. Keratohyaline granu les coa-
lesce and then spread in the cytoplasm mixing with 
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the released content of endoplasmic reticulum . 
These componen ts in fil trate the fi lament network 
and after consol idation a fibro us- amorphous com-
plex is formed. 
In a recent study of the ep idermis of the newborn 
rat eyelid , we observed successive layers of T ce ll s 
undergo ing sequential events comparable to those 
in the ruminal ep it helium . A representative fie ld is 
shown in Figure 22 where the fate of keratohyaline 
gran ules can be followed especially well. In granu-
lar cell s, the keratohyaline granules are rounded, 
and in success ive layers of T celis, irregularly 
shaped, dense aggregates of keratohyalin appear in 
increasing numbers and s izes. T heir dense content 
can a lso be observed spreading and mixing with 
filaments. In the intercellular spaces, an amor-
phous su bstance is recognizable . T he fina l fil a-
ment- amorphous matrix complex is shown in Fig-
ure 23 at higher magnification. These structural 
studies support the hypothesis t hat in the forma-
tion of the proteGtive substance, i .e.~ the fibrous-
amorphous complex, both 60- to 80-A cytoplasmic 
filaments and keratohyaline granules are involved. 
If these observations are correct, proteins that 
form the fi laments and keratohyaline granules in 
living epidermal cell s could be recovered from the 
horny cells. SDS- gel electrophoresis studies of 
horny ce ll extracts wou ld help to clarify this 
problem, that is, mobilities of polypeptide chains 
of prekeratin and amorphous protein from kerato-
hya line granules are known and could be used as 
specific markers to identify these proteins in horny 
cell extracts . 
Since comparative studies of polypeptide chains 
FIG. 22. E lectron microgra ph of the upper part of the eyelid epidermis in the newborn rat. Four to five layers of T 
cells (TI - T .) show the spreading of the content of keratohya line granules. A thickening cell membra ne surrounds T. 
and T . ce ll s. Note the amorphous material appearing in the intercellular spaces between T ce lls and horny ce lls 
(arrow s) ( x 10,400). 
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FIG . 23. E lectron micrograph of the filament-amorphous matrix com plex in horny cells of the newborn rat epidermis I 
( x 85,000) . I 
require skin from one single species, we selected 
sk in from t he newborn rat . The epidermis was 
separated from the dermis by 0.1 % trypsin in cold 
Earle's so lution, and prekeratin was extracted by 
the same method used for cow's nose epidermis 
(Table VI). The residue after the isolation of KHG 
was used to study the contents of the horny cell. It 
was repeatedly extracted with 2% citric ac id until 
a ll nucleated cells were solubilized and removed. 
The fina l preparation was checked with the light 
microscope, washed thoroughly with distilled 
water, freeze-dried, and stored at - 20°C. 
To compare the polypeptide chai ns derived from 
keratohyaline gran ules with t hose of t he horny 
ce lls, we had to use an id entica l extraction method. 
Borate buffer was replaced by Tris buffer at t he 
same pH, and the same method for so lubili zing 
iso lated kerotohyaline granules was used (Table . 
VII). After 3 hr solubilization, 1% SDS was added 
to the extracts, prepared from both keratohyaline 
gran ules and horny cells, and denatured for 2 hr at 
37°C. The solu tions then were di a lyzed agai nst 
0.01 M phosphate buffer, pH 7.0, containing 0.1% 
SDS and 0.1% 2-mercaptoethanol for 24 hr. 
The results of SDS- polyacrylamide gel electro-
phoresis conducted accord ing to the method of 
Weber and Osborn [25] are shown in Figure 24. A 
well-defined "keratohyalin band" can be seen in 
the horny cell extracts, but on ly by loading the gels 
with a relat ively large amoun t of protein. Thus, 
these studies provide some ev idence that the 
su lfur-rich amorphous component of keratohyaline 
granu les can be recovered from horny cells, pre-
sumably located in the horny matrix. 
The dispersibility of the prekeratin chains con-
tained by horny cells was tested by homogeniza-
tion and 24-hr extraction at 37°C in various 
reagents. For partial solubili zat ion of' the content 
of horny ce ll s and the recovery of polypeptide 
chains with mobilities com parab le to those of pre-
keratin chains, the following reagent mixtures 
I KH I H 0 R N Y LAY E R I I 
24 
50 200 100 50 20 
FIG. 24 . T he electrophoretic pattern of solubilized 
keratohyaline gra nule (KH) and horny ce ll preparations 
from the newborn rat. Numbers correspond to IIg protein 
in t he ge ls . Note th:lL in horny ce ll preparat ions, a band 
comparable to the major band of keratohya line granule 
preparat ion (a r rows) appea rs on ly at a relatively high 
loadin ~ of t he ge ls. . 
proved useful : CASC bulTer, pH 2.6, T ri s buffer, 
pH 7.2 and 9.6, each conta ining 2% SDS, and Tris 
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buffe r, pH 7.2 a nd 9.6, each conta ining 2% SDS and 
0 04 M DTT. 
. SD s _ polyacrylamide ge l electrophores is of rat 
prekerat in shows a n arrow and a wide band (F ig. 
25) s im il a r to t he bands given by bovine prekeratin 
(Fig. 10); each sa mple from rat hOrl2Y ce lls shows 
three m ajor bands (Fig. 25). T he. first two have 
mo bili t ies compa ra ~le to tl?ose of rat prekeratl\l 
bands; t h e ori gin of tl.l e t hird band IS unknown. 
T hese studies thus I\ldlcat,e t hat polype pt ide 
cha ins simil ar to t hose in fil aments of li ving 
ep iderm al ce ll s can be recovered from fil aments of 
horny cells with or wi thout t he use of a reduCll1 g 
agen t . Whether t he chams obta l\l ed by the reduc-
ing agent were lmked together by - S-S-bonds 
or bo und to another prote in in t he horny ce ll 
requires fur t her study . 
CON CLUS IONS 
T he ge nera l concept of t he protect i v~ system of 
the epidermis ass u.med ~ cont lI1uous fi brous net-. 
work at a ll levels of t he t issue. In t he ll VlI1 g part of 
the t issue, fibrous a- prote in , which forms the 
network has been t hought to have am ple -SH 
groups ~hereas in t he cornified pa rt , fo rm ation of 
- S -S-bonds was t hought to provide greater 
physical s trength and chemical res istance [35 ]. 
This hy pothes is was favo~ed for m~ny years a~d 
wit h modifications IS still a useful model {or 
pH 
9.6 7.2 9.6 7.2 2.6 
50S 50S 5 OS 50S 50S 
OTT OTT 
PK _ HORNY LAYER 
25 
FIG. 25 . T he elect rophore ti c pattern of' new born rat 
prekera tin (PK) and solubili zed horny ce ll prepara tions , 
obta ined by the use 0 (' various reagents. Bands with 
compara bl e mob ili t ies as t hose of prekerat in a re marked 
with arrows . 
understandin g t he protection afforded t he orga-
ni sm by the epidermis. 
E lectron microsco py shows that 60- to 80- A 
fil aments assemble in to bund les which run in all 
directions t h ro ughout t he cytoplasm of epiderm al 
cells . These bundles in tersect one another, fu se , 
and occas iona lly run from on e desmosomal plaq ue 
to anoth er at t he oppos ite e nd of the ce ll [36 ]. 
P resum a bly t hese fil aments fo rm a network wit hin 
li ving epiderm al ce lls which serves as a stabili zing 
cytoskeletal system . Wi thin t his system, individ -
ua l fil aments may slide and permi t extension of 
the filament bundles. Furthermore, since t he mo-
lecul ar archi tecture of t heir m a in prote in compo-
nent , prekeratin , is such t hat it does not resist 
deform at ion, the fil aments can be considered to be 
extendible and f1 ex ible components of t he netwo rk . 
T his sliding of fil aments and t heir extendibili ty are 
proba bly t he most importa n t features of t he cy-
toskeleta l system because t h ey do not in terfe re 
wit h changes in t he sha pe of li v ing epiderm al ce lls. 
It is cri t ica l for t issue stabili zation t hat the 
cytoskeleta l system be anchored at s ites of desmo-
somes by in teraction between fibrous a -prote in 
and fil amentous plaque prote in and by attache-
ment of t he ce ll s at the same si tes by a glycoprote in 
moiety. These connections prov ide t he means for 
t ransmi tting the mechanica l stress t hat impinges 
on t he cytoskeletal system a nd t hus a llow the 
en tire epidermis to respond as a functional whole. 
In t he cornified part of t he e pidermis, t he same 
fil a mento us network anchored to desmosomal 
plaques may be rega rded as a bas ic structural 
com ponent of t he protective system . Deform ation 
of t he fil a mento us network , however, is limited by 
an amorphous materi al in t he in terfibrill ar spaces 
a nd by a t hi ckened and ha rde ned cell membrane . 
T he fi brous a- prote in of fil ame nts assures fl ex ibil -
ity and elast ic recovery of t he horny layer and it 
may be present in the same state as in t he li vin g 
epiderm al cells, i.e., fibrous ev-prote in cha ins are 
not cross- linked by -S-S-bonds. Therefore t he 
a- prote in is not primarily responsible fo r t he insol-
uble character of t he horny layer; rather it is t he 
amorphous component which p rov ides t he penna-
nent orientation of t he cytoskeletal system . P re-
suma bly it consists of a mixture of various pro-
te ins, including a sulfur-ri ch prote in derived fro m 
the major amorphous compone nt of keratohyaline 
granul es. This protein may form a stabili zing 
syste m in th e horny matrix by ample 
-S-S-bonds and may be JiJlked at some poin ts 
to access ible ~SH groups of fibrous a- protein . 
Oth er prote ins most proba bly fill t he remaining 
in terst it ial spaces of the horny matrix. T he mem-
brane of t he horny cell , which is most res istant to 
keratinolytic agents, consis ts of sul fur-ri ch protein 
and is stabili zed by abundant ~S-S-bonds [37 ]. 
Because it encases t he fibro\ls- amorphous com -
plex, its phys ica l and chemica l stabili ty cri t ically 
governs the in tegri ty of t he protective syste m of t he 
stratum corneum . 
S ince so littl e work h as been done on pathologic 
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ep idermis along the lines presented in this paper , 
the defects of the protective system at the molecu-
lar leve l are sti ll not known. The methods de-
scribed above offer considerable potential for 
studying the ult rastructure and chem ical composi-
tion of pathologic skin . So far, no skin disease can 
be traced to a defect in desmosomal proteins, 
fibro us a-prote in , or horny matrix prote ins. Dis-
sociation of these prote ins in to polypeptide chains 
by SDS, fo llowed by separation on polyacrylamide 
gel, is a rapid, convenient, and sensit ive means of 
detecting d iffere nces in cha ins under pathologic 
conditions. Ultimately, then, it should be possible 
to determine what causes e it her t he imbalance in 
t he production of a particu lar componen t of the 
protective system or the defective polypeptide 
chain in any of the constituent prote ins. 
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Academ ic Press, Inc. for the reproduction of Figures 12 
and 13 from J ournal of Ultrastructure Research and 
Figure 10 (PK) from Biochemical and Biophysical Re-
search Communications: t he Rockefe ller University P ress 
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t ion of Figure 10 (HF) from J ournal of Biological Chemis-
try. 
REFERENCES 
1. J a rrett A: Norma l ep iderma l keratin ization, The 
Physiology and Pathophysiology of the Skin. 
Edited by A J arrett. New York, Academic, 1973, 
pp 161- 206 
2. Brody I: An ultrastructura l study on t he role of the 
keratohyalin granules in t he keratinization proc-
ess. J Ultrastruct Res 3:84- 104, 1959 
3. Od land GF: Tonofilaments and keratohyalin, The 
Epidermis. Edited by W Montagna, WC Lobitz. 
New York, Academic, 1964, pp 237- 249 
4. Barrnett RJ , Sogn naes RF : Histochemical distribu -
t ion of protein-bound sul!hydryl and disul fide 
groups in vertebrate keratins, Fundamentals of 
Keratinization . Edited by EO Butcher, RF Sogn-
naes. Washin gton, DC American Assoc for the 
Advancement of Science, 1962, pp 27- 43 
5. Ugel AR, Idler W: Further ch aracterization of bovine 
keratohyalin . J Cell BioI 52:453- 464, 1972 
6. Matoltsy AG: Mechan ism of keratinization, Funda-
menta ls of Keratin ization. Edited by E Butcher, 
RF Sognnaes. Washington, DC, American Assoc 
for t he Advancement of Sc ience, 1962, pp 1-25 
7. Matoltsy AG: Soluble prote ins in different levels of 
the epidermis. J Invest Dermatol 42: 111- 114, 1964 
8. Skerrow CJ , Matoltsy AG: Isolation of epidermal 
desmosomes. J Cell BioI 63:515- 523, 1974 
9. Ke lly DE: Fine structure of desmosomes, hem ides-
mosomes, and an adepidermal globular layer in 
developing newt epidermis. J Cell Bioi 28:51- 72, 
1966 
10. Skerrow CJ , Matoltsy AG: Chemical characteri za-
t ion of isolated epidermal desmosomes . J Cell Bioi 
63:524-530, 1974 
11 . Juliano RL: The proteins of t he erythrocyte mem-
brane. Biochim Biophys Acta 300:341- 378, 1973 
12. Marchesi VT, Palade GE: The localizat ion of 
Mg-Na-K-activated adenosine triphosphatase on 
red cell ghost membranes. J Cell BioI 35:385- 404, 
1967 
13. Rambourg A: Morphological and histochemical as-
pects of glycoprote ins at t he surface of an imal 
cells. Int Rev Cytol 31:57-114, 1971 
14 . Derksen JC , Heringa GC, Weidinger A: On keratin 
and corn ification. Acta Neerlandica Morphologiae 
Vol. 65, No . I 
Norm alis et Pathologicae 1:31- 37, 1937 
15. Ruda ll KM: T he proteins of the ma mmalian epider-
mis. Adv Protein Chem 7:253- 259, 1952 
16. M atoltsy AG: Soluble prekeratin, Biology of the Skin 
and Hair Growth . Edited by AG Lyne, BF S hort. 
Sydney, Austra lia, Angus and Robertson , 1965, pp 
291-305 
17. Skerrow D: The structure of prekeratin . Biochem 
Biophys Res Commun 59:1311- 1316, 1974 
18. Skerrow D: A repeati ng subunit of soluble prekeratin. 
Bioch im Biophys Acta 257 :398- 403, 1972 
19. Baden HP, Gifford AM, Goldsm it h LA: T he precur-
sor of the a- fibrous prote in of epidermis. J Invest 
Dermatol 56:446- 449 , 1971 
20. Baden HP, Goldsmith LA, Flemin g B: The polypep-
t ide composit ion of epiderm al prekeratin . Biochim 
Biophys Acta 317:303- 311, 1973 
21. Skerrow D, Matoltsy AG, M atoltsy MN : Isolation 
and character ization of t he a-heli cal regions of 
epiderm al prekeratin. J Bioi Chern 248:4820-4826 
1973 ' 
22. Lavker RM, Matoltsy AG: Substructure of kerato-
hyalin granules as revealed by high-resolution 
electron microscopy. J Ultrast ruct Res 35:578-581 
1971 ' 
23. Matoltsy AG , Matoltsy MN: The chemical nature of 
keratohyalin granules of t he epidermis. J Cell Bioi 
47:593-603, 1970 
24. Matoltsy AG, M atoltsy MN: The amorphous compo-
nent of keratohyalin granules. J Ultrastruct Res 
41:550- 560, 1972 
25 . Weber K, Osborn M : Reliability of molecular weight 
determin at ions by dodecyl sulfate-polyacrylamide 
gel electrophoresis. J BioI Chern 244:4406-4412 
1969 ' 
26. M atoltsy AG , Lavker RM , M atoltsy MN: Demon. 
stration of cyst ine-conta ining protein in kerato. 
hyalin granules of t he epidermis. J Invest Derma. 
tol 62:406- 410, 1974 
27. J essen H : Electron cytochemical demonstration of 
su lfhydryl groups in keratohyalin granules and in 
the peripheral envelope of cornified cells. His. 
tochemie 33:15-29, 1973 
28. J essen H , Peters PD, Hall TA: Sulphur in different 
types of keratohyalin granules: a quant itative 
assay by x-ray microanalys is. J Cell Sci 
15:359-377, 1974 
29 . Bernste in lA, Chakrabarti SG, Kumaroo KK, Si. 
brack LA: Synthesis of protein in the mamm alian 
epidermis. J Invest Dermatol 55:291- 302, 1970 
30. S ibrack L, Gray RH, Bernstein IA: Localization of 
the histidine-rich protein in keratohyalin in mor· 
phologic and macromolecul ar marker in epidermal 
differentiation. J Invest DermatoI 62:394- 405, 1974 
31. Ugel AR: Studies on isolated aggregating oligoribo. 
nucleoprote ins of t he epidermis wit h histochemical 
and morphological character istics of keratohyalin. 
J Cell Bioi 49:405-422, 1971 
32. Tezuka T , Freedberg 1M : Epiderm al structural pro. 
teins. 1. Isolat ion and purification of keratohyalin 
granules of the newborn rat. Biochim Biophys Acta 
26~:402-417, 1972 . 
33. Fukuyama K , Buxman MM, Epstein WL: Thf 
preferential extraction of keratohyalin granules 
and in terfilamentous substances of the horny cell. 
J Invest Dermatol 51:355-364, 1968 
34. Lavker RM, Matoltsy AG: Formation of horny cells. 
T he fate of cell organelles and differentiation 
products in ruminal epithelium . J Cell BioI 
44:501- 512, 1970 
35. Giroud A, Leblond CP: The keratinizat ion of epider. 
mis and its derivatives especially the hair, as 
shown by x-ray diffraction and histochemical stud· 
ies. Ann NY Acad Sci 53:613- 626, 1951 
36. Matoltsy AG: Keratinizat ion of the avian epidermi . 
J Ultrastruct Res 29:438- 458, 1969 
37. Matoltsy AG , Matoltsy M : The membrane protein 01 
horny cells. J Invest Dermatol 46:127- 129, 1966 
